In this paper a comparison of electrical and optical properties of mixed hafnium-titanium oxides is described. Thin films were deposited with the use of the magnetron co-sputtering method. For further analysis (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 ) Ox coatings, which were amorphous directly after the deposition process, were chosen,. Moreover, post-process annealing was also performed in order to compare the electrical and optical properties of amorphous and nanocrystalline thin films with the same material composition. It was found that the phase transition from amorphous to orthorhombic HfTiO 4 occurred in the case of (Hf 0.52 Ti 0.48 )Ox coating at 650 °C. In turn, the phase transition to TiO 2 -anatase was observed at the temperature of 600 °C in the case of (Hf 0.29 Ti 0.71 )Ox thin film. The leakage current for both amorphous coatings was in the range of 10 After the phase transition to HfTiO 4 -orthorhombic and TiO 2 -anatase, a slight decrease in the transparency level by 3% and a redshift of the cut-off wavelength was observed. Moreover, additional annealing caused small changes of the optical band gap energy, refractive index and extinction coefficient.
Introduction
Transition metal oxides are the focus of attention due to their outstanding chemical stability and excellent physical properties. Therefore, they are suitable for several industrial applications in the field of electronics and optoelectronics [1] . Hafnium dioxide (HfO 2 ) has received significant attention in the recent years as a potential replacement for SiO 2 used as the gate dielectric material (high-k oxide) in the complementary metal oxide semiconductor (CMOS) technology [2, 3] . HfO 2 is extremely attractive due to its high dielectric constant (ε r ~ 25), large band offset (∆E c ~ 1.5 eV) and chemical stability with silicon [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The present CMOS technology requires materials that are thermally stable at the temperatures over 800 °C in the case of gate dielectrics [16] . However, the drawback of HfO 2 is its low crystallization temperature of ca. 200 °C [17] , resulting in a large leakage current, high oxygen and impurities penetration, and also defect generation which hinders its integration with traditional CMOS processes [5, 6, 14, [16] [17] [18] [19] [20] [21] [22] . Hafnium dioxide occurs in three polymorphs, including monoclinic, tetragonal and cubic phases [5, 15, 23] . The monoclinic structure of HfO 2 is the most thermodynamically stable phase under standard temperature and pressure conditions. At temperatures higher than 1700 °C HfO 2 transforms to the tetragonal phase. The transformation to the cubic polymorph occurs at ~ 2600 °C [23] [24] [25] [26] . One of the effective ways of increasing the crystallization temperature is combining HfO 2 with another complementary gate materials, such as titanium dioxide (TiO 2 ) [6] . Based on some references from the last ten years [6, 12, 13, 18, 19, [27] [28] [29] [30] [31] , it can be noted that doping HfO 2 with TiO 2 can lead to receiving a higher dielectric 1 3 constant and improvement of electrical properties. In turn, TiO 2 is an attractive material due to its very high dielectric constant (ε r ~ 80-110) and high crystallization temperature [6, 13, 22] . Titanium dioxide can occur in different crystal structures of anatase, rutile and brookite, however, only first two ones can find potential applications in industry [3, [32] [33] [34] [35] [36] [37] . Moreover, additional annealing of TiO 2 -anatase at the temperature over 700 °C results in irreversible phase transition to the rutile phase [33] [34] [35] 38] . Besides, it can be noted that Hf and Ti are both 4-valence elements which would restrain the production of oxygen vacancy, thereby reducing the leakage current density of such mixed oxides [11, 14, 16, 18, 21] . Recently, mixed oxide thin films based on HfO 2 and TiO 2 have attracted a lot of attention due to their potential application in, e.g. metal oxide semiconductor devices, thin film transistors, optical and protective coatings or memory devices [39] [40] [41] [42] .
However, compared with SiO 2 , the number of defects in the interface between HfO 2 -TiO 2 thin film and Si substrate increases, which causes a remarkable decrease in carrier mobility. In the process of obtaining high quality gate dielectric films, the interface control is very important [5, 7, 12] . Annealing is necessary for the high-k material applied in CMOS processing to reduce defects in films and also to control the growth of an interfacial layer [12, 19] . It is well known that at high temperature annealing hafnium oxide efficiently reduces the traps in dielectric films [25, 43] . Ye et al. [12] showed that the rapid thermal annealing at 600 °C of HfTiO thin films leads to obtaining the largest dielectric constant of 45.9, the lowest leakage current, and the optimized interfacial properties. However, it should be emphasized that currently there are no literature reports which focus simultaneously on the influence of thin film structure on their electrical and optical properties.
In this paper, two sets of mixed oxide thin films based on hafnium and titanium dioxide, i.e. (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox, were prepared with the use of magnetron co-sputtering. As-deposited coatings were amorphous and the phase transition to nanocrystalline was obtained by proper post-process annealing. It was found that the annealed (Hf 0.52 Ti 0.48 )Ox thin film had HfTiO 4 -orthorhombic phase, while (Hf 0.29 Ti 0.71 )Ox had TiO 2 -anatase phase. Furthermore, electrical and optical properties of amorphous and nanocrystalline samples were compared.
Experimental
Mixed HfO 2 -TiO 2 oxide thin films with various material compositions were deposited by the reactive magnetron sputtering method. During the deposition, metallic Hf (99.5% purity) and Ti (99.99% purity) targets were co-sputtered for 180 min in the mixed argon-oxygen (Ar:O 2 1:1) atmosphere with a total gas flow of 24 sccm and the pressure kept at ca. 1.5 × 10 − 2 mbar. Both targets had the form of metallic discs with a diameter of 30 mm. The magnetrons were powered by MSS2 power supply units (DORA Power System). The distance between the targets and the substrates was equal to 160 mm. The thin films were deposited on fused silica (SiO 2 ) and silicon substrates of 2 × 2 cm 2 . To determine the electrical properties silicon was the preferred choice as the substrate. However, to assess optical properties fused silica was used. The thickness of as-prepared coatings was investigated using a Talysurf CCI Lite (Taylor Hobson) optical profiler based on the 2D profiles of the surface. This measurement was performed at the thin film-substrate boundary which was created with the use of proper masking during the sputtering process. The thickness of the deposited samples was equal to 660 nm for (Hf 0.52 Ti 0.48 )Ox and 480 nm for (Hf 0.29 Ti 0.71 )Ox thin film.
After the deposition process, amorphous coatings were annealed using an RS (80/300/11) Nabertherm tubular furnace equipped with a quartz tube. Due to the large temperature difference in the amorphous to crystalline phase transition of hafnium and titanium oxides, post-process annealing was divided into eight stages with a gradual increase in temperature. Due to the low crystallization temperature of HfO 2 [17] , the first stage of annealing was carried out at 200 °C. Then, from the second to the fourth stage, the temperature was increased by 100 °C. To precisely determine the phase transition temperature of the amorphous thin films, the final temperature in the fifth, sixth and seventh stage was increased by 50 °C. In each temperature thin films were annealed for 1 h and afterwards the tubular furnace was cooled down to room temperature without using any additional factors (e.g. liquid nitrogen flow or additional ventilation).
The elemental composition of the thin films was investigated using an FESEM FEI Nova NanoSEM 230 scanning electron microscope equipped with an energy dispersive spectrometer (EDAX Genesis). The EDS detector was calibrated with aluminium and copper samples provided with the device. The ZAF model was used for element analysis and the deconvolution settings were chosen for the smallest error in the quantification of each element. The analysis was performed in perpendicular surface-beam orientation.
Microstructure was assessed with the use of X-ray diffraction (XRD) and transmission electron microscopy (TEM). In the case of XRD measurements, the PANalytical Empyrean PIXel3D diffractometer was employed. The step size was equal to 0.02° in 2θ range, while time-per-step was 5 s. This apparatus was equipped with the Cu Kα X-ray source with a wavelength of 1.5406 Å, while the analysis of the crystallite size was performed according to the Debye-Scherrer's equation [44] with the aid of MDI JADE 5.0 software. In the case of transmission electron microscopy, the TECNAI G
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FEG Super-Twin (200 kV) microscope was used to evaluate the microstructure of as-deposited and annealed thin films. It was equipped with both side-entry wide angle SIS and on-axis bottom mounted Gatan 2K cameras. For the TEM analysis, thin foils were prepared using a focused ion beam (FIB Quanta 3D system) equipped with an Omniprobe liftout system.
In order to determine the electrical properties, a series of MOS capacitors were fabricated by the deposition of an Au-top electrode through the shadow mask using electron beam evaporation. During the evaporation process, the pressure inside the vacuum chamber was kept at ca. 7 × 10 − 5 mbar. Gold pellets of 99.99% purity were used as a base material. The current passing through the hot filament was set to 30 mA providing stable conditions for deposition with a speed rate of ca. 1.1 Å/s. The thickness of the golden pads was set to 100 nm. The high-frequency (1 MHz) C-V curves and leakage current characteristics were measured with the aid of a Keithley SCS4200 semiconductor characterization system and a M100 Cascade Microtech probe station. Electrical characterization was carried out at room temperature in dark conditions.
Optical spectroscopy measurements were performed in the wavelength range of 250-1000 nm using an Ocean Optics QE 65000 spectrophotometer with a coupled deuterium-halogen light source. The analysis carried out based on the obtained data allowed to determine the cut-off wavelength (λ cut-off ) and optical band gap energy (E g opt ) of asdeposited and annealed thin films. The refractive index (n) and extinction coefficient (k) spectral characteristics of the films were determined by the reverse engineering method using FTG FilmStar software employing a generalized Cauchy model.
Results and discussion
The amount of titanium in the as-deposited mixed oxide thin films was equal to 48 at% and 71 at%. The EDS spectra showing the lines from titanium (Ti K α and Ti K β ) and hafnium (Hf L α , Hf L β and Hf L l ) elements are presented in Fig. 1 .
The diffraction patterns of as-deposited and annealed coatings are shown in Fig. 2 . It was found that in the case of as-prepared (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox samples only broad, amorphous-like patterns without peaks related to the crystal phases were visible. Ye et al. [12] showed that the addition of TiO 2 to HfO 2 caused an increase in crystallization temperature (> 700 °C) and improved the microstructure and electrical properties. The amorphous phase is desirable as a potential high-k gate dielectrics in CMOS device application in which leakage current is lower and hence suitable for device application [1] .
In the case of thin films with 48 at.% Ti the phase transition to orthorhombic HfTiO 4 phase occurred at 650 °C. The occurrence of the HfTiO 4 phase was confirmed by the small diffraction peak of weak intensity from the (111) crystal plane. Such orthorhombic-HfTiO 4 crystal phase can occur only at the specified range of the Ti-Hf ratio, i.e. for compounds where titanium content is higher than 36 at% and lower than 53 at% [25, 46] . Further annealing of (Hf 0.52 Ti 0.48 )Ox coating at 700 °C caused complete crystallization with peaks related to other HfTiO 4 crystal planes. According to the powder diffraction file PDF (40-0794) [45] , all peak positions of HfTiO 4 thin film correspond to the orthorhombic phase. The peak intensity from the (111) crystal plane is the strongest for the film annealed at 700 °C (Fig. 2a) . In the case of the film with a higher amount of Ti (71 at%) the phase transition occurred at 600 °C. The diffraction peak in Fig. 2b from the (101) crystal plane is in good agreement with the reference value, indicating that the annealed thin film had an anatase phase. Further annealing of (Hf 0.29 Ti 0.71 )Ox coating at 650 °C and 700 °C did not lead to the phase transition from the anatase to rutile phase or into the mixed anatase-rutile phase system. The average crystallite size was calculated using the following Scherrer's formula [44] :
where D hkl is the average crystallite size, k ~ 0.89 (close to unity) is the shape factor, λ is the wavelength of X-ray, β is full width at half maximum, and θ is a diffraction angle.
(1) D hkl = k cos (Fig. 2a) weak and wide diffraction line was observed, which testified about the nanocrystalline nature of the coating. The average crystallites size was ca. 16 nm. Additional annealing at 700 °C caused an improvement of the crystallinity of the film which resulted in the occurrence of more intense and narrower diffraction peaks (Fig. 2a ). An increase in the annealing temperature to 700 °C caused a rather negligible increase in the average crystallite size by about 9% (up to 17.4 nm). In the case of (Hf 0.29 Ti 0.71 )Ox thin film with an anatase structure, after the phase transition at 600 °C it was composed of crystallites with the size of ca. 25.6 nm. However, an increase in the annealing temperature to 650 °C and 700 °C caused a rise in an average crystallite size by about 0.5 nm and 1.7 nm, respectively. Additional annealing caused the occurrence of tensile stress in (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox. The type of stress occurring in the annealed coatings was determined on the basis of ∆d parameter from the following equation [40, 47, 48] :
where d-measured interplanar distance in the thin film; d PDF -standard interplanar distance from the JCPDS powder diffraction file.
Compressive or tensile stresses occur in thin films if Δd parameter is lower or higher than zero, respectively. In the case of thin films after post-process annealing, the XRD analysis showed a significant shift of the measured diffraction peaks towards lower angles, thus revealing the presence of tensile stresses. In the case of the crystalline film with TiO 2 -anatase phase, the tensile stress was
almost two times higher as-compared to the film with the orthorhombic-HfTiO 4 structure. Table 1 (Fig. 3a) , which consisted of only fuzzy rings, confirmed that films were amorphous. As a result of the occurrence of the amorphous phase in asdeposited coatings a halo was left around the bright center spot in the electron diffraction patterns. Such an image is the result of random scattering of electrons by the amorphous structure and it is a common method in the identification of glassy and amorphous materials. TEM studies also showed that thin films with 48 and 71 at% of titanium were densely packed, with a very smooth surface, negligible roughness and without visible voids.
The change in the microstructure of amorphous thin films (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox with the increase in temperature was also observed during in-situ measurements conducted using a transmission electron microscope. These studies showed that the crystallization proceeded through the growth of a crystal nucleus. The growth of nanocrystals was similar to the dendritic growth, i.e. the propagation of crystallization occurred in different directions. In the case of the (Hf 0.52 Ti 0.48 )Ox thin film, the temperature at which the phase transformation occurred was about 650 °C, while for the (Hf 0.29 Ti 0.71 )Ox film the temperature of the phase change was lower and equal to ca. 600 °C. As the crystallization temperature was kept at the same level, the crystalline phase growth was faster and nucleation began also in other places. (Fig. 3b) of coatings after the phase transition showed visible voids (places with a much lighter contrast). The occurrence of voids in the annealed thin films can be explained by the difference in the density of the amorphous and crystalline material, where the crystalline area is denser than the amorphous one. With the growth of the crystalline phase, the density of the film increases locally, which leads to the formation of voids and pores in other places. The analysis of bright field images and electron diffractions confirmed that the nanocrystalline phase in the annealed (Hf 0.52 Ti 0.48 )Ox films was orthorhombic HfTiO 4 , while for (Hf 0.29 Ti 0.71 )Ox films it was TiO 2 -anatase phase. Electron diffractions had an almost spotted character that can indicate the occurrence of the highly crystalline microstructure of the samples and that its crystallite sizes are rather large. The electron diffraction analysis for the film with 71 at% of titanium confirmed that this coating had an TiO 2 -anatase phase with the [010] zone axis.
In order to confirm the observations in the bright field mode the high resolution transmission electron microscope Fig. 4b as an inset. These observations confirmed that the entire coating is very well crystallized at the silicon substrate, in the centre part and on the surface. Figure 4b shows that the crystal planes correspond to the HfTiO 4 orthorhombic phase. For the determined interplanar distances and angles, the [112] (Fig. 4b) zone axis was calculated. Figure 5b shows the HRTEM image for (Hf 0.29 Ti 0.71 ) Ox thin film annealed at 600 °C. In this case, the coating was also very well crystallized in its entire volume. The HRTEM image again did not confirm the occurrence of the amorphous phase. The low-index planes were marked in the HRTEM image (Fig. 5b) . The 1 01 zone axis (Fig. 5b) was determined. The HRTEM images and FFT diffraction patterns analysis for film with 71 at% of titanium confirmed that this coating had an TiO 2 -anatase phase.
The influence of the phase transition from amorphous to the crystalline after post process annealing of (Hf 0.52 Ti 0.48 ) Ox and (Hf 0.29 Ti 0.71 )Ox thin films on electrical properties was also investigated (Table 2 ). It was found that in the case of the as-deposited film containing 48 at% of Ti, the electrical resistivity was at the same order as for HfTiO 4 -orthorhombic film after the phase transition, and equal to 5.5 × 10
10 Ω cm. In turn, for coating with 71 at% of Ti its resistivity value increased over 4.5 times (up to ρ ~ 3.43 × 10
10 Ω cm) after annealing and phase transition. The I-V characteristics of the prepared and annealed thin films are shown in Fig. 6 . The values of the leakage current density was evaluated by the determination of the lowest point at the I-V characteristic according to the standard method used for the determination of the leakage current for junction based devices [e.g. 50 [3, 6, 13] . According to Honda et al. [3] leakage current density was in the order 10 − 9 A/cm 2 for amorphous HfO 2 -TiO 2 composite film with 10 at% TiO 2 . However, Zhang et al. [13] showed that the lowest leakage current density was obtained for TiO 2 -doped HfO 2 films annealed at 400 °C, and was equal to 5.4 × 10 − 5 A/cm 2 . On the other hand, Ye et al. [12] showed that annealing at 500 °C leads to obtaining the (Fig. 6b) [52, 53] . Therefore, the determination of the influence of the phase change on the leakage current density in the prepared thin films was possible only in the case of the coating with TiO 2 -anatase structure ( Table 2 ). For the crystalline (Hf 0.29 Ti 0.71 )Ox film the value of the leakage current density was equal to 3.48 × 10 − 8 A/cm 2 , therefore a significant decrease was observed after phase transition. Lee et al. [54] showed that the value of the leakage current density for the amorphous and nanocrystalline HfO 2 was almost the same, and therefore no conductivity along the grain boundaries was observed. It should be emphasized that currently there are no literature reports which focus on thin films based on Hf and Ti oxides with an amorphous and nanocrystalline HfTiO 4 -orthorhombic and TiO 2 -anatase structure. In Fig. 6a, c, d two regions could be distinguished in I-V characteristics. The first region with voltage up to 0.5 V (in Fig. 6d up to 0.2 V) is characterized by a nearly linear current-to-voltage dependence and can be connected with the leakage current region in the thin film. The second region with voltage value above 0.5 V (in Fig. 6 d above the 0.2 V) may be connected with the space-charge limited current (SCLS) conduction. Moreover, Fig. 6d showed the characteristic shift indicating the presence of a built-in charge in the crystalline TiO 2 -anatase film after annealing at 600 °C. The cause of the occurrence of the built-in charge may be related to various types of electrically charged active defects, e.g. grain boundaries.
High frequency (1 MHz) C-V characteristics for asdeposited and annealed thin films are presented in Fig. 7 . Dielectric constant (ε r ) for amorphous coatings was estimated from the measured capacitance in the accumulation state shown in Fig. 7a, c . It was found that ε r was equal to 24 and 25 for (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox films, respectively ( Table 2 ). According to the literature [6, 11, 18] in mixed HfO 2 and TiO 2 films, it is possible to obtain a material with modified values of the dielectric constant in a wide range, however, the most suitable value of ε r for high-k oxides is in the range from 25 to 35 [9, 15] . Jiang and others [6] showed that for films based on a mixture of Hf and Ti oxides with an amorphous phase, the values of ε r were in the range from 29 to 39. Table 2 Ox on the dielectric constant. The results revealed that the phase change after post-process annealing caused significant changes in the dielectric constant. In the case of the thin film with 48 at% of Ti with the HfTiO 4 -orthorhombic phase after annealing at 650 °C the dielectric constant decreased from 24 to 15. However, for crystalline (Hf 0.29 Ti 0.71 )Ox film with TiO 2 -anatase structure, this parameter increased over two times in relation to the film with an amorphous phase, and was equal to 51. Ye et al. [12] showed that the phase transition from amorphous to monoclinic structure for mixed HfO 2 and TiO 2 films occurred at 700 °C. It was found that after annealing the dielectric constant decreased from 34 to 19, for amorphous and monoclinic structure, respectively.
The optical properties of as-deposited and annealed thin films after their phase transition were determined based on optical transmission (T λ ) measurements. The results of these measurements of (Hf 0. 52 Ox thin films the cut-off wavelength was equal to 296 nm and 319 nm, respectively. After annealing, only a slight redshift of the cut-off wavelength of a few nanometers was observed (Fig. 8) .
It is well known that HfO 2 and TiO 2 are both indirect band gap insulators, so the mixed HfO 2 -TiO 2 film can be also regarded as an indirect allowed transition material [1, 19, 22, 40, 41, 53] . The Tauc plots were used to assess the optical band gap energy of the deposited and annealed thin films, which was determined for indirect transitions [55] [56] [57] . A plot of (αhν) 1/2 vs (hν) is shown in Fig. 9 and the linear portion of the curve was extrapolated to the energy axis to determine the optical band gap energy. The obtained E g opt values for amorphous films were equal to 3.54 eV and 3.37 eV for (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox, respectively. According to the literature [6, 11, 18, 22, 29, 40, 41, 56] , thin films based on a mixture of two oxides with significantly different values of band gap energy (with a wide and narrow energy gap) can be a material with a modified (tailored) value of this parameter. Jiang and others [6] showed that for mixed HfO 2 -TiO 2 thin films with an amorphous phase, the values of E g opt were in the range from 3.59 to 3.77 eV. The phase transition after the annealing process for (Hf 0.52 Ti 0.48 )Ox films caused a decrease in the E g opt from 3.54 eV to 3.50 eV. In the case of the annealed thin film with a higher amount of Ti with the anatase structure, the value of this parameter was also reduced to 3.34 eV (Fig. 9) .
Based on the measured characteristics of optical transmission (Fig. 8) (Fig. 10a) . In the case of the crystalline thin film with HfTiO 4 -orthorhombic and TiO 2 -anatase phases, the refractive index decreased from 1.84 to 1.81 and from 1.98 to 1.96, respectively. As it was stated in the TEM results part, the bright field observations of both annealed films showed the presence of voids and pores in places with a much lighter contrast. A local decrease in the density of the thin films and the introduction of such microstructural defects resulted in a slight decrease in the refractive index.
The analysis of the extinction coefficient for amorphous and nanocrystalline (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox films after the phase change showed that this parameter increased twice in both cases (Fig. 10b) . Unfortunately this fact is disadvantageous, because it is directly related to the higher absorption and scattering of light in crystalline thin films. However, according to the Nair et al. [47] Table 3 .
Conclusion
In this paper, mixed hafnia (HfO 2 ) and titania (TiO 2 ) thin films, deposited by reactive magnetron sputtering with different material compositions were described. In the case of structural properties, XRD and TEM studies revealed that as-deposited films with 48 and 71 at% of Ti were amorphous. Additionally, amorphous coatings were annealed to compare films with the same material composition but with the different type of the structure. In the case of the thin film with 48 at% Ti the phase transition to orthorhombic HfTiO 4 phase occurred at 650 °C and the crystallites size was equal to 16.0 nm. In turn, (Hf 0.29 Ti 0.71 )Ox coating after the phase transition at 600 °C was composed of crystallites in the size of ca. 25.6 nm of the anatase phase. The measurements of electrical properties revealed that resistivity for amorphous and crystalline (Hf 0.52 Ti 0.48 )Ox film was very similar and equal to ca. 5 × 10
10 Ω cm. In the case of the coating with 71 at% of Ti, its resistivity value after the phase transition increased over 4.5 times to 3.34 × 10
10 Ω cm. Leakage current density for both amorphous coatings was in the range of 10 − 7 -10 − 8 A/cm 2 and the lowest value was determined for the film with 71 at% of Ti. Moreover, after the phase transition of (Hf 0.52 Ti 0.48 )Ox film the resistance switching effect was observed. The dielectric constant was equal to 24 The results of optical studies showed that amorphous films were well transparent in a visible light range with the average transmission (at λ = 550 nm) of approximately 86% and 85% for (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox, respectively. After the phase transition, only a slight decrease (ca. 3%) in the transparency level was observed for both samples. The cutoff wavelength for amorphous (Hf 0.52 Ti 0.48 )Ox film was equal to 296 nm, while for the film with higher Ti content (71 at%) it was shifted towards longer wavelength, i.e. 319 nm. After annealing, only a negligible redshift of the cut-off wavelength was observed for nanocrystalline coatings. It was found that optical band gap energy (E g opt ) for amorphous films was equal to 3.54 eV and 3.37 eV for film with 48 and 71 at% of Ti, respectively. After post-process annealing, the value of E g opt parameter was reduced in each case by at most 0.03-0.04 eV. It was found that the refractive index for as-deposited (Hf 0.52 Ti 0.48 )Ox and (Hf 0.29 Ti 0.71 )Ox films was equal to 1.84 and 1.98, respectively. However, after post-process annealing a slight decrease was observed. The analysis of the extinction coefficient for amorphous and nanocrystalline films after the phase transition showed that this parameter increased twice in both cases.
The best electrical and optical properties were obtained for amorphous (Hf 0.29 Ti 0.71 )Ox coating. Due to the presented properties, it could be used as, e.g. an insulating layer in CMOS structures (with properly selected thickness) and also as an optical layer for optoelectronics application. After the phase transition, the electrical and optical properties were still very favorable. Therefore, this thin film could be used in hightemperature electronics.
